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ABSTRACT  Substitution  of any of a variety  of organic anions,  including acetate,  propionate, 
lactate, gluconate, and succinate, for chloride in the reactivation medium improves the motility 
of demembranated  sperm of Tripneustes gratilla. At the optimum  concentration of 0.20 N, all 
of these anions improve  the duration  of motility,  with lactate and gluconate being the best. 
The Michaelis constant for beat frequency (Kmf) is lower (0.11-0.14 mM at 22°C) in most of 
the organic anions than it is in Cl- (0.20 mM), and the minimum  ATP concentration  required 
to support oscillatory  beating is reduced  from  10 ~,M  in chloride to 2 ~tM  in  acetate, which 
together indicate a greater affinity of the axonemal ATPase for MgATP  2- in the organic anions 
media. The maximal  beat frequency, f ....  is as high as 42 Hz in 0.2 N succinate compared to 
31  Hz in CI-, whereas the mean bend angle averages  2.8 rad in acetate compared to 2.4 rad 
in CI-; these values give a calculated average velocity of tubule sliding of ~15 ~m/s in acetate 
and succinate, which  is ~30% greater than the value  of 11  ~m/s observed  in chloride.  The 
reactivated  sperm are sixfold  more sensitive to vanadate inhibition  in 0.2 M acetate than they 
are in 0.15 M CI-. The specific ATPase activity of soluble dynein 1, which increases more than 
15-fold between 0 and 1.0 N CI-, undergoes only a twofold activation over the same range of 
organic anion concentration, and, like the reactivated  motility,  is up to 50-fold more sensitive 
to vanadate. This greater apparent mechanochemical  efficiency  and the increased sensitivity 
to vanadate inhibition in the organic anions suggest that they, unlike chloride, do not promote 
the spontaneous dissociation of ADP and PO43- from the dynein-ADP-PO4 kinetic intermediate 
in the dynein crossbridge cycle. 
The  use of  organic  anion  media  may  lead  to  significant  improvements  in  reactivation  of 
other motile and transport systems. 
The development of techniques for the permeabilization and 
reactivation of organelles that are capable of motility, such as 
cilia and flagella,  proceeded rapidly about 15 years ago when 
the usefulness of non-ionic detergents such as Triton X-100 
and  Nonidet  P-40  was  recognized  (19,  38).  In  these  early 
experiments, C1- was chosen as the major supporting anion 
and a solution containing 0.15  M  KCI has figured in many 
of the  subsequent  studies  of reactivated  cells  which  have 
yielded important information about the mechanism of mi- 
crotubule-based motility (3, 5-7,  18, 20-22, 30, 33, 39, 47). 
Recently, however, Evans (14) found that the specific activ- 
ity of latent activity dynein  l rises barely twofold in concen- 
trations of Na acetate ranging from 0.1-0.6  M,  whereas it 
increases  more  than  10-fold  over the  same  concentration 
range of NaCl (25); these results have incited us to investigate 
THE  JOURNAL OF  CELL BIOLOGY . VOLUME 101  OCTOBER 1985  1281-1287 
© The Rockefeller University Press • 0021-9525[85[10[1281]07  $1.00 
the effect of replacing the KCI in our standard reactivating 
solution with the potassium salt of  a variety of organic anions. 
This modification has led to significant improvement in the 
quality and longevity of our reactivated sperm preparations. 
Correlation of the effects of these anions on reactivated mo- 
tility with their effects on the ATPase activity of dynein  1, 
and with their effects on the sensitivity to vanadate inhibition, 
suggests  the probable location of the anion-sensitive step in 
the kinetic pathway of ATP hydrolysis by dynein. A prelimi- 
nary report of our findings with K acetate has appeared (27). 
Our studies  may have broad usefulness for the  study of 
reactivated motile systems in cells of various types, and un- 
derscore the influence of solution conditions on the sensitivity 
to inhibition by vanadate. 
1281 MATERIALS  AND  METHODS 
Sperm Preparation:  Sea urchins of the Hawaiian species T. gratilla 
were induced to shed their sperm by injection of 0.5 M  KCI into the body of 
the  animal. The  sperm  were collected in  sea water that contained 0.2  mM 
EDTA and had been adjusted to pH 8.3. and kept as a stock suspension (3-10 
mg protein/ml) at room temperature for up to 4 h. 
Reactivated sperm were prepared under potentially symmetric conditions 
by adding 25  t,l  of the stock suspension of sperm to 0.3  ml of Triton-Ca  2+ 
demembranating solution (10  mM  Tris-HCI,  pH  8.1,  4  mM  CaCI2,  I  mM 
dithiothreitol,  0.1  mM  EGTA.  and 0.04%  [wt/vol] Triton  X-1001 at  room 
temperature (22-23.5"C) (22). After a  20-30-s extraction, 5-25 #1 of demem- 
branating solution containing sperm were transferred to an observation dish 
containing 2.5  ml of reactivating solution (10 mM Tris-HCI. 2  mM  MgSO,, 
0.1  mM EGTA,  1 mM dithiothreitol. 2% [wt/vol] polyethylene glycol [molec- 
ular weight =  20,000],  1 mM  ATP. and the  K + salt of CI-. acetate, or other 
anion as described in  Results).  A  pH  of 8.25  _  0.10 was found optimal for 
reactivating solution containing organic anions and was used throughout this 
work. 
Microscopy and Recording:  Sperm swimming at the bottom sur- 
face of an observation dish were observed at 22-23"C by dark-field microscopy 
as  described  earlier  (19).  Flagellar  beat  frequencies were  measured  with  a 
stroboscopic flash unit. The relative asymmetry, of the flagellar waveforms was 
obtained by recording the circular arcs of the sperm head tracks and measuring 
their diameters ( 10,  18,  19).  For this we used Polaroid 667 film. an XI0 0.22 
NA objective, and a low aperture dark-field condenser to increase the sensitivity 
of this film by raising the background illumination. High magnification flash 
photographs of moving sperm were taken on 35-ram Kodak 4X negative film 
with an X40 0.75 NA water-immersion objective and a  1.2-1.4 NA dark-field 
condenser. For all photography, illumination was provided by an ILC  150 F 
high  intensity  xenon  pulse  lamp (ILC  Technology Inc.,  Sunnyvale, CA)  as 
described by Omoto and Brokaw (40). 
Measurement of Flagellar Bend Angles:  Images on 35-ram film 
were projected  onto white paper and traced,  and tangents  were drawn to the 
inflection point between bends for determination of bend angles (26, 29). Since 
these measurements  only considered the symmetric waveforms observed in 0. l 
M  succinate,  both principal and reverse bends were included in the averages. 
Anions  Used:  In  view of the  favorable preliminary  results  with  K * 
acetate (27), we examined a  number of other carboxylic anions, using K ÷ as 
the cation in reactivation studies and Na*, the traditional cation, in the enzyme 
studies.  These  included  anions of the  monovalent acids propionate, lactate, 
glycolate, gluconate, and glucuronate, and of the dioic acids malonate, succi- 
nate, glutarate, glutamate, and tartrate. Of these, glucuronate, glycolate, malo- 
nate, glutarate, glutamate, and tartrate were eliminated from  detailed study 
because  of  unfavorable  preliminary  results  on  reactivated  sperm  motility. 
Propionate was also not studied in detail, because it appeared to produce effects 
nearly identical to acetate and had the disadvantage that the K + salt was not 
readily available commercially. 
Preparation of Dynein  1:  Dynein-I  was  obtained  by  high  salt 
extraction of axonemes from the sperm of T. gratilla as described earlier (2, 
25). The enzyme was concentrated by precipitation in 70% ammonium sulfate 
followed by dialysis against 0,45  M  Na acetate buffered in  5  mM  HEPES, 4 
mM  MgAc2, 0.1  mM  EGTA.  and  7  mM  fl-mercaptoethanoL pH  7.4.  The 
protein  concentration  in  this  stock  solution  was  I-2  mg/ml.  The  ATPase 
activity of this preparation was in the latent form and had a specific activity of 
0.10-0.16 umol Pi/min x  mg protein. Portions of this material were incubated 
with 0. I%  Triton  X-100 for 10 min at room temperature to produce Triton- 
potentiated dynein  1 (25). 
Determination  of ATPase Activity and Protein  Concentra- 
tion:  Enzyme activity was assayed by adding 5-10 #1 of ATPase preparation 
to  I  ml  of assay buffer containing 30  mM  Tris-HCl buffer, pH  8.1, 4  mM 
MgSO4, 0. I mM EDTA,  1.0 mM ATP, and variable concentrations of the Na  + 
salt of the anion being tested for its effect on the activity. Incubations were 
conducted at  23-240C  lbr  10  to  60  min.  depending on  the  activity of the 
enzyme, after which time the reaction was stopped by the addition of 10 #1 of 
10% SDS. Special precautions were taken to eliminate the potentially substan- 
tial effects of organic anions on the colorimetric determination of inorganic 
phosphate. When  measurements of enzyme activity in acetate (or succinate) 
were compared with CI-. assays were run in  1.0 ml of buffer containing 0  to 
1.0 N acetate (succinate) or 0 to 1.0 N CF. After the reactions had been stopped 
by  SDS.  the  volume  in  each  tube  was  made  up to  3  ml.  with  their anion 
contents all equalized at 0.33 N  CI- and 0.33 N  acetate (succinate) by adding 
appropriate volumes of buffer without salt, buffer with  1.0 N  NaCl and buffer 
with  1.0 N  Na acetate (succinate), prior to initiation of color development by 
the Fiske-SubbaRow acid-molybdate reagent supplemented with an extra 0.33 
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N  H2SO4 (15).  Because lactate strongly suppresses color development in  this 
assay, lactate experiments were performed using the more tolerant Taussky and 
Schorr assay (46), with the anion concentration equalized at 0.12 N lactate and 
0.4 N  CI- prior to color development. Standard phosphate calibration curves 
were run for each of the following pairs: Na acetate/NaCI, Na succinate/NaCI. 
and Na lactate/NaCl. 
Gluconate interfered  so  severely with  both  methods of assay that  it  was 
eliminated from the enzymatic part of the study. Protein concentrations were 
determined by the method of Lowry et al. (37). 
Assay of Vanadate Inhibition:  Aliquots of different concentrations 
of vanadate were incubated in the assay mixture as described above. Results 
were plotted as percent of uninhibited activity versus vanadate concentration 
under a  given salt condition to  obtain the concentration of vanadate giving 
50% inhibition of the ATPase activity under each condition. These values were 
then replotted to show the vanadate sensitivity of the enzyme as a function of 
salt concentration (see Figs. 5 and 6). 
Materials:  Reagents purchased as the salts were K + gluconate and K + 
glutamate from Sigma Chemical Co., St.  Louis, MO; K + tartrate from J. T. 
Baker Chemical Co., Phillipsburg, N J: and K + and Na  + acetate from Fisher 
Scientific Co.,  Pittsburgh,  PA.  Obtained  as the  free  acids and titrated  with 
reagent grade KOH or NaOH pellets were propionic, glycolic, malonic, succinic, 
L(+) lactic, and glucuronic acid from Sigma Chemical Co.; and glutaric acid 
from J. T. Baker Chemical Co. Vanadate was sodium ortho or meta vanadate 
from  Fisher  Scientific Co.  and  was  maintained  as  a  stock  solution  under 
conditions that minimize polymerization to decavanadate (41), and ATP was 
from Boehringer-Mannheim Biochemicals, Indianapolis, IN. 
RESULTS 
Effect of Anion Concentration 
The effects of concentration  of lactate,  acetate, succinate, 
or gluconate on the longevity and waveform of the reactivated 
sperm were examined and compared with our earlier results 
using 0.15  M  CI-. 
The  duration  of the  reactivated  motility  was  optimal  in 
0.20-0.25  N  anion, i.e., 0.10 M  for the anions of dioic acids, 
and 0.20 M  for the anions of the monovalent acids. At anion 
concentrations below 0.20  N, the forward progression of the 
sperm  was  slower,  and  the  flagellar  waves  tended  not  to 
propagate all the way to the tip. At concentrations above 0.25 
N, the  flagellar bend  angles  were often  abnormally low and 
the forward velocity was diminished. The lowered bend angles 
were  most  apparent  in  succinate  (Fig.  1)  and  were  often 
accompanied  by  an  increase  in  flagellar  beat  frequency.  In 
0.10 and 0.20 M succinate, for example, the beat frequencies 
were 37.8  _+  1.6 and 41.3  _+  1.2  Hz, while the average bend 
angles were 2.3 _+ 0.2 and 1.5 _+ 0.3 rad, respectively. However, 
the effects of supraoptimal concentrations on waveform and 
beat  frequency  differed  for different  anions,  and  in  0.40  M 
K + acetate the beat frequency and bend angles were essentially 
the  same as  in  0.20  M.  This  result  suggests  that  the  effects 
on  waveform  of  supraoptimal  concentrations  of  succinate 
are  not  due  simply to  the  K + concentration  being  elevated 
above 0.2 M. 
The reversibility of the effects of high succinate was tested 
by transferring an aliquot of reactivated sperm that had been 
swimming for 2-3  min in 0.20  M  succinate into an observa- 
tion dish containing 0.10 M succinate. The flagellar waveform 
reverted within  10 s to that normally seen in 0.10 M succinate, 
but the duration of the motility did not recover and remained 
as short as that of flagella left in 0.20 M  succinate. 
On  the  basis  that  the  longevity,  waveform,  and  apparent 
vigor indicated by the rapidity of the forward movement were 
all optimum at an anion concentration of 0.20-0.25  N, even 
if the beat frequency was not quite  maximal at this concen- 
tration for certain anions, we chose 0.20 N  for the additional 
experiments described below. Longevity of Reactivated Motility 
All of the anions selected from our initial  screening yielded 
an improvement in longevity compared to CI-, with lactate 
and gluconate being the best.  The latter two anions not only 
stabilized  the  motility  with  time,  but  also  minimized  the 
tendency of the sperm to stick together by their heads upon 
collision.  With healthy sperm samples reactivated in 0.20 M 
gluconate or lactate,  75-90%  of the sperm  remained  freely 
motile for 1 h with no significant  deterioration in waveform. 
The longevity was nearly as good in 0.20 M acetate or 0.10 
M  succinate,  but  in  these  anions the  sperm  had  a  greater 
tendency to  agglutinate  and to  show failure  of bending to 
propagate all the way to the flagellar tip with time. In 0.20 M 
succinate,  the sperm were  nearly all non-motile by 45  min. 
These results were summarized in Table I. 
Effects of the Anions on Waveform 
As reported earlier  (27),  the principal anion in the reacti- 
vation  solution  has  a  substantial  influence  upon  flagellar 
waveform. In particular, sperm flagella reactivated in 0.15 M 
K acetate showed a significant  increase  in mean bend angle, 
with  a value of 2.8 rad compared to 2.4 rad in 0.15  M KC1. 
Lactate  had  a  similar  effect  to  acetate,  whereas  in  either 
gluconate or succinate the bend angles more closely resembled 
those seen in C1-. The flagellar asymmetry was also influenced 
by the choice of  anion, being generally least in C1- and greatest 
in acetate,  although the absolute level of asymmetry varied 
somewhat with sperm samples from different individual  sea 
urchins.  The asymmetry was also affected  by the density of 
the sperm in the demembranating mixture,  increasing  with 
increased  sperm concentration, especially at values exceeding 
0.4 mg sperm protein/ml. 
Effects of the Anions on the Kinetics of 
Reactivated Motility 
The flagellar beat frequency was determined as a function 
of MgATW- concentration in media containing the various 
anions and the corresponding values of  the Michaelis constant 
for frequency, Kmf, and for the maximum frequency, fmax, are 
shown in Table I. In most of the organic anions tested,  fmax 
was higher than in C1- medium, with the highest value being 
attained in succinate.  In addition, Kmf was lower for most of 
the anions, indicating a higher affinity  for MgATW- than in 
CI-.  Possibly  as  a  consequence  of the  greater  affinity  for 
MgATP  2- the organic anion media support beating at sub- 
stantially  lower concentrations of MgATP  2-  than  does CI- 
medium. Preparations remained 100% motile with the bends 
propagating all the way to the flagellar tip in acetate medium 
containing as little as 2 #M ATP, whereas  8-10 uM ATP was 
required  for the same level of motility in CI- under otherwise 
identical  conditions. At the standard MgATW- concentration 
(1.0 mM) that we used in most of this work, the average beat 
frequencies  were 31, 29, and 37 Hz in 0.2 M acetate,  0.2 M 
lactate, and 0.1 M succinate,  respectively, compared to 28 Hz 
in 0.15 M C1- at 22-23°C. 
FIGURE  1  Dark-field  micrographs  showing the effect of different 
concentrations of K  + succinate  in the reactivation solution on the 
flagellar waveform. The  images are of different sperm.  (A) 0.10 M 
K  + succinate. (B) 0.20 M  K  ÷ succinate, x  800. 
Sensitivity of the Reactivated Motility to Vanadate 
Inhibition of the reactivated  motility of sea urchin sperm 
flagella by vanadate in C1- medium is sharply dependent on 
pH and salt concentration (17), with the concentration needed 
to completely inhibit the sperm ranging from 0.4 uM vanadate 
in 60 mM C1- to 10 uM in 250 mM CI-, both at pH 8.1. 
In the present work we have found that the sensitivity  of 
the reactivated  sperm to vanadate is substantially  greater  in 
most of the organic anion media than in C1- (Fig. 2 and Table 
I).  The  sperm  were  most  sensitive  to  vanadate  in  acetate 
medium, in which their sensitivity was nearly independent of 
TABLE  I.  Effect of Anion on Properties of Reactivated Flagella and ATPase Activity of Dynein  1, 22°C 
Reactivated flagella  Dynein 1 
Vanadate  Vanadate 
concentration  concentration 
for complete  for 50% 
Salt  fma×*  Km~*  inhibition  Longevity*  inhibition 
Hz  mM  #M  #M 
0.15M KCI  31.4 +  0.2  0.20 +  0.01  3.0  ++  0.31  +  0.01 
0.20M K acetate  32.7 _  0.6  0.11  +  0.01  0.5  +++  0.10 +  0.02 
0.20M  K lactate  30.3 4- 0.8  0.14 +  0.01  1.5  ++++  0.21  4- 0.04 
0.10M K2 succinate  41.6 4- 1.0  0.13 4- 0.01  0.4  +++  0.11  4- 0.01 
0.25M K gluconate  33.4 4- 0.5  0.19 +  0.01  10.0  ++++  -- 
* Standard deviations for fm~× and Kmf were calculated by the weighted least squares procedure of Wilkinson (48). 
*The scoring indicates that, on average, 75  90% of the sperm remained motile with no significant deterioration in waveform for ~30 (++), 
45 (+++), or 60 min (++++). 
GIBBONS et At.  Organic Anions and Flagellar Motility  1283 anion concentration (Fig. 2). They were somewhat less sensi-  -~ 
tive to vanadate in succinate and in lactate, with a dependence  .;  5.00 
on anion concentration intermediate between that in acetate 
and  that  in  CI-.  In 0.2  M  gluconate,  they were  especially 
insensitive to vanadate with a critical inhibitory concentration  = 
of t0 #M, about equal to that in 0.2 M  chloride.  E 
It 
t- 
Effect of Anion on Dynein A TPase Activity  .~  1.oo 
The ATPase activity of latent  dynein  1 was measured in  ,.- 
the presence of acetate, lactate, or succinate as a function of  0.50 
anion concentration (Fig. 3). The striking and uniform result 
of these experiments is that while CI- activated the ATPase  = 
activity more than 15-fold between 0 and 1.0 N, all the organic 
anions caused only a relatively small twofold activation over 
the same range. In all three organic anions, the curves were  ~, 
of similar form, showing a maximum activation between 0.5  ~  o.10 
and  0.7  N.  The  apparent  ability  of acetate  to stabilize  the  t~  ,t 
latent ATPase of dynein  1 is emphasized by the finding that 
addition  of 0.5 M  K + acetate to chloride-activated dynein  1  ~  o.05 
partially restores the activity to the latent level (27).  ~- 
i,.- 
In the case ofdynein 1 which has been irreversibly activated  ,t 
by prior exposure to 0.1%  Triton  X-100,  all  of the  anions  FIGURE  3 
studied give a  small  further increase in ATPase activity be- 
yond the  10-fold increase induced by Triton treatment (Fig. 
4).  The  extent  of this  additional  activation  was greatest  in 
acetate (-70%)  and  least  in  lactate  (-25%),  and  reached a 
maximum of 0.4 to 0.6 N  anion, followed by a return to the  4,0 
baseline Triton-activated activity as the anion concentration 
approached  1.0 N. These results contrast with CI-, in which, 
as reported  earlier  (25),  the ATPase activity increases more 
than twofold further as the anion concentration is raised to 
1.0 N with little or no decline at  1.0 N  (Fig. 4).  aO 
Sensitivity of Latent Dynein  1 to Vanadate in the 
Organic Anions 
The ATPase activity of latent dynein  1 was measured as a 
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Effect  of solution anion on the sensitivity of the reacti- 
vated  motility  to  inhibition  by  vanadate.  Data  are  shown  as  a 
function of anion concentration. @, CI-; II, lactate; x, succinate; O, 
acetate. 
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FIGURE  4  Same as Fig. 3, but shown for dynein 1 which has been 
potentiated by prior exposure to 0.1% Triton X-100 (25). 
function  of vanadate  concentration  to  determine  the  level 
that was required to cause 50% inhibition of enzyme activity 
(Figs.  5  and  6).  As  is  the  case  with  the  reactivated  sperm 
motility,  the  activity  of latent  dynein  1  was  much  more 
sensitive to vanadate in the presence of acetate or succinate 
than  it  was  in  CI-,  and  this  sensitivity  changes  little  with 
concentration  in the  0  to  1.0  N  range,  whereas  in  C1- the 
sensitivity to vanadate diminished 60-fold when the concen- 
tration was increased from 0 to 1.0 N. Lactate behaved unlike 
the  other  organic  anions  tested  in  its  effect  on  vanadate 
inhibition, and both the level of sensitivity and its dependence 
upon concentration were almost exactly the same as in chlo- 
ride (Fig. 6). The  anions  thus  may be  classified  into  three  categories 
according to their effects on the ATPase activity and on the 
vanadate sensitivity of latent dynein  1. Chloride activates the 
ATPase activity of dynein  1 at all concentrations, with the 
enzyme becoming increasingly less  sensitive to vanadate as 
its  ATPase  activity becomes  more  activated.  Acetate  and 
succinate,  on the  other hand,  neither  increase the  ATPase 
activity of dynein  1 substantially at any concentration  nor 
diminish substantially its sensitivity to vanadate inhibition. 
Lactate is anomalous in that it resembles acetate and succinate 
in its effect on ATPase activity, but resembles C1- in its effect 
on vanadate sensitivity. 
DISCUSSION 
Replacement of the chloride in reactivation solution by any 
of several organic anions stabilizes the motility of reactivated 
sperm  preparations as well  as the  latency of dynein  I.  In 
addition,  the apparent affinity of the reactivated sperm for 
MgATP  2- appears to be higher in most of the organic anions 
than it is in Cl-, for the Michaelis constant for beat frequency 
is reduced from ~0.2 to <0.14 mM in most cases,  and the 
threshold concentration of MgATP  2- required to induce beat- 
ing is reduced from l0 to 2/~M. 
By making certain assumptions (23),  the average speed of 
sliding between individual tubules that occurs during oscilla- 
tory flagellar beating can be calculated from the bend angle, 
the beat frequency, and the spacing between adjacent doublet 
tubules. From the data in this paper and in reference 27, such 
calculations  give  sliding  velocities  of  15  and  14  #m/s  for 
sperm flagella  reactivated with  1 mM  MgATP  2- in  acetate 
and 0. l  M  succinate, respectively, both significantly greater 
than the value of 11 #m/s obtained in optimal concentrations 
of Cl-.  Although  both  succinate  and  acetate  yield average 
sliding velocities that are increased -30% over those observed 
for Cl-,  they differ in  that  this  increase  is  accommodated 
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lactate; x, succinate; and O, acetate. 
primarily through an increase in beat frequency for succinate 
and by an increase in bend angle for acetate. Succinate at 0.2 
M  supports a  still  higher flagellar beat frequency than does 
0. l  M, but the magnitude of the frequency increase (10%) is 
insufficient to offset the 50% decrease in average bend angle, 
indicating  that  the  speed  of tubule  sliding  is  substantially 
diminished. 
In qualitative terms, the characteristic differences between 
chloride and the organic anions on the functional properties 
and vanadate sensitivity of reactivated sperm appear generally 
to  parallel the  corresponding differences for the  properties 
and  vanadate  sensitivity  of soluble  latent  dynein  ATPase. 
This being the case, it is reasonable to interpret these differ- 
ences in terms of what is known of the steady-state and pre- 
steady state kinetic mechanisms of dynein ATPase. The dem- 
onstration of a pre-steady state phosphate burst by Evans (14) 
with the more detailed pre-steady state studies of Johnson 
(~'4, 35)  have shown that the rate-limiting step of ATP hy- 
drolysis by soluble dynein is the  rate of breakdown  of the 
dynein-ADP-PO4 ternary complex (k3), with  the  Michaelis 
constant being approximately equal to the ratio of k3 to the 
rate of association of the dynein-ATP complex (k~) (i.e., Km 
=  k3/kt). More recent kinetic data suggest that the release of 
PO4  from  the  dynein-ADP-PO+  complex  precedes that  of 
ADP, and that breakdown of the dynein-ADP complex may 
constitute the actual rate-limiting step in the overall ATPase 
rate of soluble dynein (Dr. K. A. Johnson, personal commu- 
nication). When applied to our findings, these results suggest 
that the increase in steady-state ATPase with increasing chlo- 
ride is due to destabilization of the dynein-ADP complex with 
concomitant  increase  in  k4.  The  relatively  small  effect of 
organic anions on steady-state ATPase can then be interpreted 
as indicating that, over the range up to  l  N, they have little 
or no destabilizing effect on the dynein-ADP intermediate, so 
that  the  rate  of ATP  turnover,  and,  presumably also  the 
lifetime  of  the  dynein-ADP  intermediate,  remain  little 
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This hypothesis is supported both by the steady-state studies 
of Gibbons and Fronk (24,  25),  which have shown that the 
activation of dynein 1 ATPase by chloride is accompanied by 
an approximately proportionate increase in the value of the 
Michaelis constant, Km, and by the different effects of  chloride 
and of most organic anions on the sensitivity of  soluble dynein 
ATPase  to  inhibition  by vanadate  reported  here.  There  is 
fairly  substantial  evidence  that  vanadate  inhibition  occurs 
through the PO4 3- moiety in the dynein-ADP-PO4 interme- 
diate being replaced by the VO43- anion, forming a relatively 
stable  dynein-ADP-VO4  complex  that  acts  as  a  dead-end 
kinetic block (28, 36, 44). This being the case, any factor that 
decreases the lifetime of the dynein-ADP intermediate will 
ipso facto decrease the sensitivity of the ATPase reaction to 
vanadate. In the present case, increasing the chloride concen- 
tration  from 0  to  0.6  N  produces an  approximate  10-fold 
increase  in  ATPase  activity,  and  an  approximate  10-fold 
decrease in sensitivity to vanadate, whereas acetate and suc- 
cinate over the 0-1 N range produce an approximate twofold 
increase in ATPase activity and a twofold decrease in vanadate 
sensitivity, consistent with  the  lifetime of the dynein-ADP 
intermediate playing a major role in both the overall ATPase 
rate and the sensitivity to vanadate.  It is  notable that with 
other activators of latent dynein ATPase, such as Triton X- 
100, there is also a substantial increase in Km and decrease in 
sensitivity  to  vanadate  accompanying  the  activation  of 
ATPase activity (24,  25, 28), 
The  anomalous result  obtained  here with  lactate,  which 
decreases the sensitivity to vanadate while giving little change 
in ATPase reaction velocity, may be due to secondary effects, 
such as complexation of vanadate by the lactate anion. 
The  above  hypothesis to  explain  the  different  effects of 
chloride and organic anions on properties of soluble dynein 
ATPase can be extended to their effects on reactivated sperm 
motility. In reactivated sperm, ATP hydrolysis is thought to 
occur through a mechanochemical crossbridge cycle in which 
the individual steps resemble those of soluble dynein ATPase, 
but with the additional factors that the initial binding of ATP 
to the dynein crossbridge causes it to detach very rapidly from 
the adjacent tubule, and that, following ATP hydrolysis, the 
reattachment of the crossbridge containing the dynein-ADP- 
PO4 intermediate to the next site on the adjacent tubule causes 
rapid dissociation of the ADP and phosphate from the dynein 
(20,  35, 42, 43).  It is presumably the difference between this 
rapid reattachment-induced  rate of product release and the 
slower spontaneous rate that provides the basis for the cou- 
pling  of ATP  hydrolysis  to  the  detachment/reattachment 
crossbridge cycle and the performance of mechanochemical 
work. For reactivated sperm in chloride-based media, it has 
been  found  experimentally that  70-75%  of the  total  ATP 
hydrolysis is tightly coupled to the flagellar motility (8,  19). It 
is not at present possible to make a quantitative association 
between the parameters of flagellar beating and the rate con- 
stants of dynein ATPase, but it seems likely that the higher 
value  of the  Michaelis  constant  for  beat  frequency  (Kmf) 
observed in chloride media compared to organic anion media, 
as  well  as  the  higher  threshold  MgATP  2-  concentration 
needed to sustain oscillatory beating and the decreased speed 
of tubule sliding in  l  mM MgATP  2-, may all reflect a faster 
rate  of spontaneous  dissociation  of the  products  from  the 
dynein-ADP-PO4  step  in  the  crossbridge  cycle  in  chloride 
media. This would be analogous to the effect occurring at the 
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equivalent step of the reaction in soluble dynein. Since such 
spontaneous product release from the crossbridge represents 
a  bypass of the presumed normal  energy coupling step,  an 
increase in its rate would be expected to diminish mechano- 
chemical efficiency. 
The data for vanadate inhibition of reactivated sperm mo- 
tility support this hypothesis in that an increase in chloride 
concentration from 0.06 to 0.24 N decreases vanadate sensi- 
tivity ~20-fold, whereas the same change in acetate or succi- 
nate has only a  twofold effect.  This difference is consistent 
with chloride promoting the spontaneous release of products 
from the detached crossbridge-ADP-PO4 intermediate and so 
reducing the opportunity for the PO4 3-  moiety to exchange 
with  vanadate. An alternative explanation  for the  vanadate 
data involving a stabilization of the dynein-ADP-VO4 com- 
plex by organic anion appears less likely, for it fails to explain 
the  vanadate sensitivity being nearly independent  of anion 
concentration in acetate, or to explain the apparently greater 
mechanochemical  efficiency observed  in  vanadate-free  or- 
ganic anion media. 
Hamel et al. have shown that a variety of organic anions 
stabilize the colchicine binding activity and polymerizability 
of tubulin (32). These included 2-(N-morpholino)ethane sul- 
fonic acid, glutamate, PIPES, glutarate, and glucose-l-phos- 
phate. The stabilizing effects of glutamate have been exploited 
to aid in the large-scale purification of tubulin (31). 
A further instance of protein stabilization by organic anions 
has been shown in X-ray diffraction studies of skinned rabbit 
psoas fibers. Comparing the effects of propionate and C1- on 
relaxed muscle fibers,  Brenner et al.  found that whereas the 
lattice expanded  linearly between  50  and  200  mM  KCI, it 
remained nearly unchanged in 20-80 mM K propionate (4). 
The  lattice  stability is  believed to  be  maintained  by loose 
attachments of the myosin heads to the thin filaments in the 
relaxed state, with these attachments being unaffected by K 
propionate over the range studied but progressively destabi- 
lized by increasing concentrations of KC1 up to 200 mM. 
Our results indicate that chloride has deleterious effects on 
the motility of sperm flagella  and that use of any of several 
organic  anions  is  to  be  preferred.  This  finding  may  have 
general applicability to other reactivated systems (9).  How- 
ever, although choice of anion may greatly affect the sensitiv- 
ity of a demembranated system to the inhibitor vanadate, it 
is  not  clear that  this  effect can  be invoked to  explain  the 
relatively low sensitivity of many motile cytoplasmic micro- 
tubule  systems to vanadate in  vivo. The high  sensitivity of 
ciliary movement to microinjected vanadate ( 11, 45) suggests 
that the low vanadate sensitivity of other motile microtubule 
systems lies in the inherent properties of the contractile sys- 
tems involved (1,  12,  13,  16). 
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